EE 435

Lecture 19

« Op Amp Simulation Strategies
e Other methods of gain enhancement



Review from last lecture

Basic Two-Stage Op Amp
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Right Half-Plane Zero Limits Performance

 Why does the RHP zero limit performance ?
e Can anything be done about this problem ?
« Why is this not 3" order since there are 3 caps ?




Review from last lecture
Why does the RHP zero limit performance ?
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In this example:

« accumulate phase shift and slow gain drop with RHP zeros
* loose phase shift and slow gain drop with LHP zeros

» effects are dramatic



Review from last lecture

Two-stage amplifier with LHP Zero
Compensation
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z, location can be programmed by R,

If 9.>9,,5, Z; iIn RHP and if g.<g,,s, Z; In LHP

R¢ has almost no effect on p, and p,



Review from last lecture

Two-stage amplifier with LHP Zero
Compensation
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where should z, be placed?



Review from last lecture

Basic Two-Stage Op Amp with LHP zero
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Transistors in triode region

Very little current will flow through transistors (and no dc current)

Vpp or GND often used for V, or V,y

Vo Well-established since it determines I

Using an actual resistor not a good idea (will not track gm5 over process and temp)



Open-loop gain simulations
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Must first adjust V,, to trim out any systematic offset

Always verify all devices are operating in the desired region of operation

If an ac input is applied to V,y, no information about linearity or signal swing will
be obtained

If any changes in amplifier circuit are made, V,, must be trimmed again
Include any loading including loading of beta network (with proper termination)



Open-loop gain simulations

(with a closed-loop test bench)

Test
B
Network

Va | Vour

+ AL =
V
VIN Load A
—p with
Termination|Termination
Bias
VIC J7

Stabilizes the effect of the systematic offset voltage

Test 3 network may not be related to actual 3 at all

Loading of actual 3 network included in “Load with Termination”

Input and output buffers eliminate any loading effects of the test 3 network
A, must be calculated from measurements of Vo and V,

Test 3 network must be chosen so overall network is stable

Why not just use actual B network for test 3 network?

Actual 3 network may even be unstable before compensation is complete



Feedback simulations
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Why not just simulate the frequency response of the actual feedback amplifier
and look at the magnitude of the gain to see if that is what we want ?

Lout

Isn’t that what we really want anyway?

If the amplifier is overly underdamped or oscillatory, won'’t that show up anyway?

Remember, the small-signal analysis will have the same magnitude response
for minimum-phase and non-minimum phase systems !



Tools for Helping with Amplifier Compensation

cadence

Home : Tools : Custom IC / Analog / RF Design : Circuit Simulation : Spectre Circuit Sin

M A l I J A B Accurate, fast SPICE-level simulation

Numerous tools but generally Based upon testbenches using

require analytical models actual circuit schematics (though
behavioral descriptions can be included)

STB (in Spectre)

The Spectre STB analysis provides a way to simulate continuous time loop gain, phase margin and gain margin without breaking the feedback loop.

In the stability analysis you are required to choose a probe from which the loop gain measurements are taken. The probes, described below, can be found in the analogLib

Many sources on line discussing STB analysis.
(One youtube video is listed below (without assessment of either validity or quality)

https://youtu.be/L8WIJhENPZNCc



Other Methods of Gain Enhancement

A — B gMQC A\/ _ _gMQCl o _gM QC?2
VO 0
gOQC + gocc

gOQCl + gOCCl gOQCZ + gOCCZ

Methods used so far:

Increasing the output impedance of the amplifier
cascode, folded cascode, regulated cascode

Increasing the transconductance
(current mirror op amp) but it didn'’t really help because

the output conductance increased proportionally

Cascading gives a multiplicative gain effect
(thousands of architectures but compensation is essential)
practically limited to a two-level cascade because of too much
phase accumulation



Other Methods of Gain Enhancement

Recall:
VDD A . o gMQC
| Vo n
gOQC gocc
Counterpart 0
Vv Circuit GB = 2m<
BB C
L
VOUT
Vv — Two Strategies:
N Quarter C,
PR 1. Decrease denominator of A,
Circuit il
2. Increase numerator of A,
VSS Previous approaches focused on decreasing denominator or

increasing numerator with current mirror

Consider now increasing numerator with excitation



Other Methods of Gain Enhancement

VDD A _ o (ngC + ngC)
| vo
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Circuit 4+
] ] GB — ngC ngC
Vin V
— ouT L
Quarter — | C,
Circuit il
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Consider now increasing numerator
by changing the excitation



Omeq ENhancement with Driven
Counterpart Circuit
Recall
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v CL
J7 * In the small-signal parameter domain, both
gain and GB appear to be enhancement

* |s this real?



gmeq

Enhancement with Driven
Counterpart Circuit
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Needs CMFB Circuit to Vg, or Vg,



Enhancement with Driven

Counterpart Circuit

Avo = 1 gml i gm3
Voo 249,+0,

Vi1 —{[il\/la GB — % gmlg gm3

gmeq

Is this real?

GB and A, improved !
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Other Methods of Gain Enhancement

Increasing the output impedance of the amplifier
cascode, folded cascode, regulated cascode

Increasing the transconductance
(current mirror op amp) but it didn'’t really help because

the output conductance increased proportionally

:> Driving the counterpart circuit does offer some improvements in gain

Cascading gives a multiplicative gain effect
(thousands of architectures but compensation is essential)
practically limited to a two-level cascade because of too much
phase accumulation



Other Methods of Gain Enhancement

\'/DD
Counterpart A — g MQC
v —_ GCircuit | VO n
> v Yoqc T Yocc
T ouT
Two Strategies:

VN Quarter ICL 9

Circuit _

_Ir‘cu' 1. Decrease denominator of A,

Vss 2. Increase numerator of A,

Consider again decreasing the denominator

Avo _ o gI\/IQC
gOQC *+ Jocc — Yox

Is it possible to come up with circuits that will provide a
subtraction of conductance in the denominator ?



Other Methods of Gain Enhancement
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Gain Enhancement with Regenerative Feedback
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The gain can be made arbitrarily large by
selecting g,,p; appropriately

The GB does not degrade !

But if not careful, maybe g,», Will get too large!



Gain Enhancement with Regenerative Feedback

=

A _ T ngl
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BW = Yor1 T Yorr ~ Ymps

L

GB — ngl

L

The gain can be made arbitrarily large by selecting g,,p;
appropriately

The GB does not degrade !
This circuit has a positive feedback loop (V np1:Voutr-Vour)

But - can we easily build circuits with this property?



Gain Enhancement with Regenerative Feedback

But - can we easily build circuits with this property?

¢ 1
_VOUT | Pl Pl
Vour <}
Vi Fl —=C1 Vin Fl = Cu

R

But — the inverting amplifier may be more difficult to build than the op amp itself!

Do we need 2 op amps, one with an output buffer to drive the R resistors?



Gain Enhancement with Regenerative Feedback

But - can we easily build circuits with this property?

T i T
AV P P
ouT Pl Vo 1 N 2 Vi
v le, ol
ouT
Vi —1 Fl =C ¢ L | F— Vn
V|N_‘ Fl AT~ CL l l

But — the inverting amplifier may be more difficult to build than the op amp itself!

YES - simply by cross-coupling the outputs in a fully differential structure



Gain Enhancement with Regenerative Feedback
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If 9,p1 = Jop1t9,p1, the dc gain will become infinite !



Gain Enhancement with Regenerative Feedback
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Positive Feedback is BAD !!

This will make the op amp unstable

This is the major reason most have avoided using the structure !



Gain Enhancement with Regenerative Feedback

L This will make the op amp unstable
VOUT T Pl
VOUT
( (X)) ,
Vi Fa 1CL %
J7 Positive Feedback is BAD !!




Remember — Why do we want a large Op Amp
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To make A very close to 1/

A,
Even when standard A, = ——=—— equation does not apply
1+ AOLB
R
R
1

Va + - Vour
Vin _

Want A, large to make V, very close to 0 so A5 very close to —R,/R;




Gain Enhancement with Regenerative Feedback
T

—OmF1
— Avo(s)=
ot Pl SCL +Jor1+ 9op1— ImpP1
_ goFl - goPl + Omp1
v.— F b= C
IN 1 L
J7 v If G0y > Gop1+opy, the pole will be in the RHP 1

It can be shown that the feedback ampilifier is usually stable even if the open-loop
Op amp is unstable

The feedback performance can actually be enhanced if the open-loop amplifier is
unstable

Research has been ongoing recently using this approach and it shows
considerable promise for gain enhancement in low voltage processes



Gain Enhancement with Regenerative Feedback
T

~OmF1
Avo(s) =
out Pl SCL +9or1+90P1— ImpP1
_ goFl - goPl + Omp1
v.— F = C
IN 1 L
J7 > If G0y > Gop1+opy, the pole will be in the RHP 1

It can be shown that the feedback ampilifier is usually stable even if the open-loop
Op amp is unstable How?

Recall: The numerator of A, does not change signs when the constant term in
the denominator transitions from positive to negative with this approach

('2‘\/_0?1) for p; >0
_|_
Avo(s) =1 A p1~
~Avoby for p; <0
| (s+P1)



Gain Enhancement with Regenerative Feedback

T It can be shown that the feedback amplifier O
Vour — P4 Is usually stable even if the open-loop J %
v, Opampis unstable (mﬁf

T

~nd l - How?

il AV—O:pl for p; >0
(s+P1)
Avo(s) = A
“Avobs for p; <0
| (s+Py)
AvoPy ~
— for p, >0
s+Py(1+ BAyo) '
Ar(S)=1 AL
NvoPy for p; <0
s+P1(1- BAvo)
) {—f) 1 (1+ BAvo) = p1(1+ BAyo) for p; <0
FB=Y .
P1(1- BAvo) =p1(1- BAvo) for py >0



Gain Enhancement with Regenerative Feedback

T It can be shown that the feedback amplifier O
— P, IS usually stable even if the open-loop J % )
v, Opampisunstable q‘m

Nl l - How?

; :{— 1 (1+ BAVo) = p1(1+ BAyg) for p, <0
” _r’l(l_ﬂAvo)=p1(1—,3Avo) for p; >0

Open-Loop and Closed-Loop Pole Plot for equal open-

e

loop pole magnitudes A m
i i Re
X% X g
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— > - 2lp4 dim
R Re
=% xK—>
i Prs P1



Gain Enhancement with Regenerative Feedback

T
V ~OmF1
T Pl S | @ AVO ) SCL T Oor1 T Yor1 = Ympr
Vour %«ﬁ
. D= "~ Yor1 ~ Yor1 T Gmps
Vin | F]_ = CL C,
J7 < If Gp1 > Gorr+Jopr, the pole will be in the RHP 1

The feedback performance can actually be enhanced if the open-loop amplifier is

unstable Why 5



Gain Enhancement with Regenerative Feedback

The feedback performance can actually be enhanced if the open-loop amplifier is

unstable Ayoby i
Why? s+p(1+ SAvo) orh>0
Arg(s)= Ayl
for p; <0
A VOUT s+ (1= Avo) "

Settling Window

B-l // /,(




Gain Enhancement with Regenerative
Feedback

The feedback performance can actually be enhanced if the open-loop amplifier is

unstable Why?

Settling Window

g™ VA——
pp>0 %,

~

©

|
N
o

» Time required to get in settling window can be reduced with RHP pole
» But, if pole is too far in RHP, response will exit top of window



Some Half-Circuits with Interesting Potential

VOUT

o

Va—Pia| va1Pis

lC
Vina] |:1A VINB] |:1A 1 -

| Il
Va—P1a Pig
1

1

vin—1F1a




Existing Positive Feedback Amplifier

:VDD
Q5 Q?]W ﬁ Q4 Q6
o . Vout
Villot o2l vie |
o V4
Vblo—{ [Q7
N (2,
VO — . ~ . VA
g02+g04+906+gn16 gm4 gmG gm4
A(S) — (1/ 2)9 ml

SC. +[902 + 904 + 905 + 9rg — sl



Existing Positive Feedback Amplifier

N (1/2)0,e (12,
VO — ~
goZ+go4+go6+gmG _gm4 gm6 _gm4

AGS) — (1/2)9,,
SCL +1902t 904 T 906 T Jrg — sl

*Requires precise matching of g4 t0 (9,794 905+9me)
for good gain enhancement
-Difficult to match g, terms to g -type terms



Alternate Positive Feedback Amplifier

:VDD
V| Q5 Q?]W ﬁ@‘l Q6 | b2
R o Vout

:CL

Vi-| Q1 Q2 | Vi+v




Alternate Positive Feedback Amplifier

VO
902 + go4 + go6 o gm4

AGS) = (1/2)g,
SCL +[g02 + 004t 006 — gm4]

*Requires precise matching of g4 10 (9,519,141 9.6)
for good gain enhancement

-Difficult to match g, terms to g -type terms



Another Positive Feedback Amplifier

) N Vewvrs o
VB44| Msa Mil | I Me  Mea }*VB4
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J L o i
_ VB?)A‘ M7A M_7 Mg MgA FVBZ
Vout L ] VouT
CL ;: VBZ“ M3A '\’/_lLi] [_IJW\/L]_ M4A FVB3 ;: CL
N + N
VIN4| M, M> }*Vn;
Vh
VBl‘i Mll

CMFB Circuit
Not Shown

* Regenerative feedback can be to either quarter circuit or
counterpart circuit

» Regenerative feedback to cascode devices can significantly reduce
the magnitude of the negative conductance term



Another Positive Feedback Amplifier
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V1 (901 + 905 +9o5a ) + ImiVin /2 = Vo (905 + 9osa ) — Ims (KoVa + V1) = Gsa Vs
V(903 +907 +907a) = Vo (907 +907a) + Im7 (—KiV4

Vo (SCL + 905 +9osa + o7 + Yo7a) = Va (do7 +do7a ) + Vi (os +9osa ) + Im7 (KiV +Vs)

1 e

VN2 ——
e T

Vss1 Om1Vss1 Jo1

—V,)=9m7aV2 J7

+Om7aVa +Oms (KoVo + V1) +gnsaVy

Ki=0 if cross-coupling absent, 1 if cross-coupling present

\%

Small-signal half circuit



Another Positive Feedback Amplifier

e

VB34{ M7a '\a l-jﬂs Mga }*VBZ

Vout Viur

V1 (901 +905 + 9o5a ) + ImiVin /2 = Vo (dos + 9osa ) — Ims (KoVa + V1) = Osa Vs

V, (903 +907 +907a) = Vo (907 + 9074 ) + Im7 (KV1 = V2 ) =9 m7a Vs

Vo (SCL + 905 +9osa + o7 + Yo7a) = Va (do7 +do7a ) + Vi (os +9osa ) + Im7 (KiVy +Vs)
+Om7aV2 + Oms (KoVo + V1) + Gmsa Vi

Transfer function solution with MAPLE T(s)=N(s)/S(s)

num := -(-K1 K2 gm5 gm7 + gm5 gm7 + gm7A gm5 + go7 gm5 + go3 gm5

+ go7A gm5 + K1 go3 gm7 + gm5A gm7 + go5 gm7 + go5A gm7
+ go5SA go/A + goS go/A + goSA gm7A + go5 gm7A + go5 go7/
+ go5 go3 + gm5SA gm7A + goSA go7 + gm5A go3 + go5A go3
+ gm5A go7A + gm5A go7) gml

=-gol go7 gm5 K2 - gm7 K1 go5A go3 - gm7 K1 go5 go3

- gol go7A gm5 K2 + (gm5A gm7A + gm7A gm5 + go5A go3

+ go5A gm7A + gm5 gm7 + gol gm7 + go5 gm7 + goSA gm7

+ gm5A gm7 - K1 K2 gm5 gm7 + gol go7 + gm5A go3 + go5 gm7A
+ go3 gm5 + go5 go3 + go5 go7A + go5 go7 + gol go7A

+ go5A go/7 + gm5A go/A + goSA go7A + go7 gmS + gm5A go’/

+ go7A gm5 + gol go3 + gol gm7A) sCL + gm7 go5 gol

+ go5A gol go3 + gm7 go5A gol + gm5A go7A go3 + gm5A go7 go3
+ go5A go7 go3 + go5 go7 go3 + gm5 go7 go3 + gol go7A go3

+ gol go7 go3 + go5A gol go7A + go5A gol go7 + go5 gol go3

+ go5A gol gm7A + go5 gol go7 + go5 gol gm7A + goS go/7A go3
+ go5 gol go7A + gm5 go7A go3 + goS5A go7A go3

Ki=0 if cross-coupling absent, 1 if cross-coupling present



Another Positive Feedback Amplifier

V1 (901 +905 + 9o5a ) + ImiVin /2 = Vo (dos + 9osa ) — Ims (KoVa + V1) = Osa Vs

T V(903 + 907 +907a) = Vo (do7 +Jo7a ) + Im7 (-KiVi = V2 ) = Om7a Vo
,  Maa|—Ves :CL
I Vo (SCL + 905 +9osa + o7 + Yo7a) = Va (do7 +do7a ) + Vi (os +9osa ) + Im7 (KiVy +Vs)

+0m7aVa +Oms (KoVo + Vi) +gmsaVy

T(s)=N(s)/D(s)

Neglecting go terms compared to gm terms, simplifies to:

num := ( gm5h gm7h -K1 K2 gm5 gm7+K1 go3 gm7 +gm5h go3 + go7h gm5h
+ go5Sh gm7h) gm1l

den := ( K1 K2 gm5 gm7 - gm5h gm7h- go7h gm5h - gol gm7h - go5h gm7h
- gm5h go3 ) sCL - go7h gol go5h - go7h gol go3 - go7h go5h go3
- gol go5h gm7h - gol go5h go3 - go7h gm5h go3
+ go5h gm7 K1 go3 + go7h gol gm5 K2



Practical Comments about Positive
Feedback Gain Enhancement

« Significant gain enhancement is possible but most designers avoid
regenerative feedback because of unfounded concerns about closed-loop stability

» Accuracy and settling time can be improved with some regenerative feedback

» Will become more critical in emerging processes where g,,/g, ratios degrade
and where supply voltages shrink thus limiting the longstanding cascode process

* Regenerative structures can have high sensitivities

« Signal swing quite limited in some of the most basic regenerative feedback
structures

» Most useful in two-stage architecture where regenerative feedback is used in
first stage (effects of signal swing are reduced by gain of second stage)



Summary of Methods of Gain Enhancement

Increasing the output impedance of the amplifier
cascode, folded cascode, regulated cascode, positive feedback

Increasing the transconductance

current mirror op amp) but it didn’t really help because
(the output cond%ctar?ge increasecs prop%rtioﬁatfly

Driving the counterpart circuit does offer some improvements in gain
Cascading gives a multiplicative gain effect
(thousands of architectures but compensation is essential)

usually limited to a two-level cascade because of too much
phase accumulation

One or more of these effects can be combined



Operational Amplifier Architectures

Most of the popular operational amplifier architectures have been introduced

Large number of different architectural choices exist with substantially different
performance potential

Choice of architecture is important but judicious use of DOF is essential to obtain
good performance

Few architectures offer a GB power efficiency that is better than that of the
reference op amp (but some two-stage amplifiers do)

Some variants of the basic amplifier structures such as buffered output stages are
commonly used in some applications



Observations about Op Amp Design

Considerably different insight can often be obtained by viewing a circuit in
multiple ways

Various systematic procedures for designing op amps have been
introduced

It is important to understand the design space and to identify a good set
of design variables

— design spaces can be explored in many different ways but the degrees of
freedom are incredibly valuable resources and should be used judiciously

Cascaded amplifiers offer potential for gain enhancement but
compensation schemes to practically work with more than two levels of
cascading have not yet emerged

Positive feedback appears to provide a promising approach for building
high gain amplifiers in low voltage processes but research is ongoing into
how this concept can be fully utilized
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Stay Safe and Stay Healthy !







